Circular dichroism (CD) spectroscopy is a valuable technique for the determination of protein secondary structures. Many linear and nonlinear algorithms have been developed for the empirical analysis of CD data, using reference databases derived from proteins of known structures. To date, the reference databases used by the various algorithms have all been derived from the spectra of soluble proteins. When applied to the analysis of soluble protein spectra, these methods generally produce calculated secondary structures that correspond well with crystallographic structures. In this study, however, it was shown that when applied to membrane protein spectra, the resulting calculations produce considerably poorer results. One source of this discrepancy may be the altered spectral peak positions (wavelength shifts) of membrane proteins due to the different dielectric of the membrane environment relative to that of water. These results have important consequences for studies that seek to use the existing soluble protein reference databases for the analyses of membrane proteins.
Circular dichroism (CD) spectroscopy is a important technique in structural biology for examining the folding, conformational changes, and especially secondary structures of proteins. Its utility as a quantitative method has been based on empirical methods that use a wide variety of computational algorithms with reference databases composed of spectra of soluble proteins of known (crystallographic) structures. These permit the determination of the secondary structural content of an "unknown" protein (for a review, see Woody 1995) . FTIR spectroscopy also has utility for studies of protein secondary structures, although in general it is more demanding in terms of material and/or time for data collection. CD spectroscopy is exhibiting a resurgence in the postgenomic era, especially with the development of synchrotron radiation circular dichroism (SRCD), whose additional information content provides the potential for fold recognition (Wallace and Janes 2001) . CD may become particularly important for elucidating the structures of membrane proteins, a class of protein generally bypassed by structural genomics initiatives (Blundell and Mizuguchi 2000) .
Over the years a large number of computational algorithms have been developed that permit the calculation of secondary structures of soluble proteins from their CD spectra. The success of a given method on a given protein is related to how representative the components of the reference database are for the spectral and structural characteristics of the protein being probed. To date, the available reference databases have included proteins representing a wide range of structural types (e.g., Chang et al. 1978; Pancoska and Keiderling 1991; Sreerama and Woody 2000; Sreerama et al. 2000) ; however, they have not included any members of the class of membrane proteins. In principle, these empirical methods should be suitable for analyses of membrane proteins if the spectral characteristics of this class of proteins are well represented in the reference database spectra; however, membrane proteins are embedded in hydrophobic lipid environments instead of the aqueous milieu of soluble proteins. Studies on small proteins and model peptides (Cascio and Wallace 1994, 1995; Chen and Wallace 1997a,b) have indicated that some of the spectral characteristics are dependent on the dielectric constant of the surrounding medium. This is because both the ground and excited state transitions associated with the peptide bond (n → *, → *) can be affected by the solvent polarisability, and thus the energies of the transitions (and, consequently, the resulting positions of the peaks) will change. The purpose of the present study was to examine whether the characteristics of the existing CD reference database components are sufficient to permit accurate analyses of the secondary structures of membrane proteins from their CD spectra. This study has used both membrane proteins with predominantly helical structures and membrane proteins with predominantly ␤-strand structures, all of whose crystal structures have been determined, as representative test proteins.
Results

Samples and CD measurements
The membrane protein samples were, in general, examined in the solvent/buffer/detergent system from which they had been crystallized, to permit direct comparisons with their secondary structures in the crystal environment, because the conformations of membrane proteins can be sensitive to the environment (especially detergents) present.
SRCD was used to collect the data for all of the samples because many of them were examined in strongly absorbing buffer (and detergent) systems, which can prevent measurement of the CD spectra in conventional CD instruments below ∼200 nm. Data only down to this wavelength are not very accurate for analyses of protein secondary structure (Toumadje et al. 1992) . However, because the beam in the SRCD is much more intense at the low wavelengths, it permits data collection to much lower wavelengths in the VUV region (Wallace 2000) . In all cases in this study, data collection was possible down to at least 171 nm (in many cases, to 160 nm). As a control, two soluble proteins (myoglobin and concanavalin A) and one membrane protein (cytochrome oxidase) in low-absorbing solvents were also examined in a conventional CD instrument. The SRCD spectra were very similar to the CD spectra for each of these proteins, although they differed slightly at the low wavelength extreme of the conventional CD spectra, that is, below ∼180 nm (Lees and Wallace 2002) . Because the majority of the reference databases did not extend below 185 nm, it made little difference to the results if the CD spectra were used for the analyses instead of the SRCD spectra. Therefore, for consistency, only the results of analyses of SRCD spectra are reported in this article.
Comparisons of spectral characteristics of soluble and membrane proteins
In this study, a number of soluble and membrane proteins were examined by CD spectroscopy. Examples of both mostly helical and mostly ␤-strand-containing proteins were used to determine if any of the trends observed were correlated with the secondary structure type rather than with the class of protein. In this article, for illustrative purposes, we present pairs of soluble and membrane proteins with relatively similar secondary structural compositions, as determined from their crystal structures (Tables 1a, 1b) to facilitate comparisons of spectral shapes of the helical ( Fig.  1 ) and ␤-strand (Fig. 2) types of proteins. Because soluble and membrane proteins tend to adopt different types of fold motifs, while the pairs shown here have similar secondary structures, they do not have similar folds (although this should not result in any substantial differences in the UV-as opposed to the VUV-region of the spectrum). The helical proteins compared are myoglobin and MscL, and the ␤-strand proteins are ConA and FepA. However, similar trends were observed for all the proteins examined in this study: That is, roughly similarly shaped curves in the far UV (but not VUV) wavelength range were obtained for all the helical and all the ␤-strand proteins, respectively. Because the VUV region contains transitions that have been attributed to charge transfer, and may be more reflective of ter- tiary than secondary structural features, the very low wavelength data are not expected to be similar for proteins with different folds, even if their secondary structures are similar (Wallace and Janes 2001) . For the most part, both the soluble and membrane protein spectra have similar shapes: for predominantly helical structures, negative bands at ∼222 and 210 nm, and positive bands at ∼192 nm; for ␤-strands, negative bands at ∼215 and 180 nm, and positive bands at ∼196 nm. However, the relative magnitudes and positions of the peaks appeared to differ somewhat between the membrane and soluble proteins, even for ones with similar secondary structural contents (Figs. 1, 2) .
The peak positions for a relatively large number of helical and ␤-strand soluble proteins were obtained from spectra in the existing CD reference databases as well as from the spectra of proteins measured in this study. By comparison, however, the number of solved membrane protein structures available for study by CD to date is quite small. Hence, any statistically significant quantitation of the extent of the shifts between soluble and membrane proteins is not yet possible with the data presently available, although qualitative trends can be seen. In the examples examined in this study, it appears that for predominately helical membrane proteins, the n → * and → * transitions can be shifted by as much as a few nanometers. The different transitions tend to be shifted to different extents, as had been observed previously for systematic studies of model peptides and small proteins Cascio and Wallace 1994, 1995; Chen and Wallace 1997a,b) . The peak positions for soluble ␤-strand proteins are much more variable than for helical proteins, and this is likely to be a consequence of the variations in the geometries of the various types of ␤ structures (e.g., barrels, sheets, propellers, ␤-helices, etc.) found in proteins (J.G. Lees and B.A. Wallace, in prep.) . The variation in peak positions appears to be less for the Calculated secondary structures derived from the crystal structure PDB files using different algorithms for the membrane proteins used in this study. Average values from all the methods and their standard deviations (SD) are also presented. four ␤-strand membrane proteins examined in this study than for the ␤-strand soluble proteins, but that may simply be due to the fact that all the membrane proteins have had somewhat similar barrel motifs (albeit with different twists and strand numbers) (J.G. Lees and B.A. Wallace, in prep.) . Nevertheless, the ␤-strand membrane protein peaks also appeared to be shifted with respect to the ␤-strand soluble proteins, in some cases by more than several nanometers. The CD spectra of membrane proteins have been shown to exhibit absorption flattening and differential scattering artifacts Teeters et al. 1987; Wallace and Teeters 1987) when the proteins are embedded in large membrane particles. The detector geometries of the SRCD instrument and our modified conventional CD instrument minimize the scattering effects, and under the detergent conditions used in this study, the absorption flattening effects are essentially nonexistent Wallace and Teeters 1987) . Therefore, these are unlikely to be the source of the spectral differences seen between the soluble and membrane proteins. In addition, membrane protein structures in general exhibit , angles that obey the normal Ramachandran conventions, so any differences seen in the spectra are also unlikely to arise from true differences in structural features present in the proteins. A primary source of the spectral differences is more likely to be due to the differences in the dielectric constants of the surrounding hydrophobic environment of the membrane proteins and that of the water surrounding the soluble proteins. This notion is supported by the correspondence between the spectra shifts seen for the membrane proteins examined in this study and those seen in the previous systematic studies of shift with solvent dielectric for small peptides and proteins (Chen and Wallace 1997a,b) . Alternatively, hydrogen bonding to the aqueous solvent could change the electronic distribution in the amides, and hence, the peak positions and magnitudes.
Secondary structure definitions
Because there are many ways of defining secondary structures (, angles, contact distances, hydrogen bonds, etc.), a number of algorithms were used to determine the secondary structures from the protein crystal structures, calculated from their Protein Data Bank (PDB) files. It has been suggested that XtlSSTR (King and Johnson 1999 ) is the most appropriate method for comparisons with spectroscopic data, but we also included a number of other methods, to examine how much variation there was with method and whether the method of calculation was biasing our conclusions. Tables 1a and 1b include the results obtained for all methods, plus an average of the methods, and their standard deviations. In general, the calculated contents of the highly helical proteins are more consistent than are those for the mostly ␤-strand proteins. This may be because the geometric parameters for helical secondary structures vary less and helices are better defined and recognized features.
Soluble protein analyses from CD data
The analysis results obtained in this study on the soluble proteins are comparable to other studies comparing these algorithms on soluble proteins (e.g., Sreerama and Woody 2000) , and were not meant to replicate the considerable cadre of such studies that have previously been reported. The principal purposes for doing the calculations on the soluble protein data in this study were:
(1) to show the quality of the results and the fits are not a consequence of using SRCD rather than CD data, (2) to demonstrate how the wide range of algorithms used in this study behave, and (3) to calculate a consistent parameter (the NRMSD) to quantitate the goodness of fit for all methods.
The secondary structures were calculated from the CD data for Mb and ConA using a wide range of algorithms and reference databases. Reference databases 1, 2, and 5 included data to 178, whereas some databases only included data to 190 nm, and the K2D method used data only to 200 nm. In general, the fits [as assessed by the NRMSD parameter (Table 2a) ], the correctness of the results [as assessed by the R parameters (Table 2a) ] and a visual inspection of the back-calculated and measured spectra (Fig. 3A,B) , are excellent for all methods and databases for Mb, the helical protein, and excellent for some, and reasonably good for most databases for ConA, the ␤-strand protein. However, in general, considerably poorer results were obtained for all the ␤-strand proteins than for the helical proteins, consistent with observations in the literature that ␤-strands are less well determined by all these methods. In general, analyses of ␤-strand proteins tend to be less accurate, and this is in part due to the lower intensity of the ␤ spectrum, which is dwarfed by the much larger helical spectrum (Pancoska et al. 1992) , and, in part, because ␤-strand structures are more variable than helical ones, thus giving rise to more diverse spectra.
The best fits (lowest NRMSDs) tended to correspond with one of the best results (lowest R av , R xs , or R P ) (Table  2a) . For myoglobin, all the methods/data sets that produced low NRMSD values also gave good results in at least one of the R-value calculations. No R-value was worse than 0.21 (most were under 0.1) and only one NRMSD was greater than 0.07. For ConA, there were only two cases (CDSSTR5 and CDSSTR7) that produced low NRMSD values but for which the R-values were not among the lowest. Most Rvalues were below 0.2, and a majority of the NRMSDs were below 0.1. The best results (lowest R av ) (Fig. 3A,B) and the best fit (lowest NRMSD) solutions (data not shown) both reproduce the experimental spectra nearly exactly. The best fits and best results were, therefore, highly correlated for both the helical and ␤-sheet proteins.
One of the reasons the fits of the soluble proteins may not be "perfect" is that the algorithms used in the calculations are very sensitive to the magnitudes of the spectra. Even between databases, the reported spectra of the same protein may differ somewhat in magnitude (Chang et al. 1978; Sreerama and Woody 2000) . Therefore, the magnitudes of the protein spectra used in this study are based on calculations using quantitative amino acid analyses, and using calibrated values for the sample pathlengths, to ensure consistency between samples.
A concern for these analyses could be that a close homolog of one of the soluble test proteins (horse versus whale Mb) and ConA are both included in a number of the protein databases used for the analyses, and thus might be expected to give biased good results. To mitigate against this, a number of test runs were done with the various programs and databases after removal of the homologous protein. The results obtained were virtually indistinguishable (differed by ∼2% or less in any fraction of secondary structure) from those obtained with the sample protein included in the database. This suggests that the results seen here are not a consequence of the inclusion of specific proteins in the spectral databases. We also checked this using several soluble proteins not included in the reference databases (J.G. Lees and B.A. Wallace, data not shown) and obtained comparable results.
The various methods to calculate the secondary structures from the PDB files, while giving somewhat different results 1 /2 , summed over all wavelengths. The R-values are measures of the correctness of the results, as indicated by the differences between the secondary structure as found in the crystal structure, and the secondary structure calculated from the CD spectrum. They are defined as R ‫ס‬ ⌺[f Xray − f CD ], summed over helical, sheet, and turn secondary structure types. R av uses the average X-ray structure derived from all methods (see Table 1 ) and R XS uses the value calculated by the program XtlSSTR. R P calculates the correctness for only the main type of secondary structure present (i.e., helix or sheet). The best fits (lowest NRMSD values) are listed in bold, and include all values Յ0.05. The best results (lowest R values) are listed in bold, and include all values Յ0.1.
for the secondary structural compositions, especially for ␤-strand proteins, produce roughly comparable results in terms of accuracy of the spectral determinations. Therefore, in this study we made no conclusion as to which is the most appropriate, and we report here the overall R-values calculated in two different ways (Tables 2a, 2b ) to demonstrate the conclusions are not affected by the specific defining algorithm used. In addition, because the minor conformational types (turn, polyproline, other) are more variable and less well defined, an R P value was calculated for each protein, which reflects the accuracy in defining just the principal secondary structural type. Even in relatively poor fits, the calculated values of the principal component are considerably better for both the helical and ␤-strand test proteins. The average values for the two structural types were 0.04 and 0.09, respectively.
Because the different algorithms and reference databases used for the calculations of secondary structures from the CD data all produce roughly comparable results, with some methods providing better fits and others better results on specific proteins, we did not select between the methods or reference databases in this study and report the results from a wide range of algorithms (Tables 2a, 2b) , to show the generality of the trends. 
Membrane protein analyses from CD data
Because the spectral properties of membrane and soluble proteins appear to be somewhat different, this suggested that analyses of membrane protein samples using spectral reference databases derived from soluble proteins, might not produce accurate results, a result borne out here by comparisons of calculated and actual structures. Two structural types of membrane proteins, ones which had either predominantly helical or predominantly ␤-strand structures, were used to test the accuracy of the analyses on membrane proteins. This study included four primarily helical membrane proteins (MscL, cox, cytbc 1 , and BR) and four primarily ␤-strand membrane proteins (FepA, FhuA, LamB, and OmpF) (Table 1b) . For brevity, only the results for one representative sample from each type (MscL and FepA) are reported in Table 2b , but similar trends were observed for all of the membrane protein samples. In general, both the fits (NRMSDs) and the calculated secondary structures are poor for both types of membrane protein, with the ␤-strand proteins once again having considerably worse fits than the helical proteins, mirroring the results for the two comparable types of soluble proteins. No clear trend could be found for reference databases that produced the best results or best fits. For all of the membrane proteins, few methods produce R av or R xs values of less than 0.1 (none in the case of MscL and FepA). The average R-values for MscL are roughly five times those of the soluble helical test protein and the average R-values for FepA are nearly twice those of the soluble ␤-strand test protein. The R-values for a number of the ␤-strand proteins examined (data not shown) were even worse than for FepA (average R av values as high as 0.61).
The average fit parameter for MscL is twice as large as that for Mb, and for some of the other helical membrane proteins are as much as four times that of Mb (data not shown). More importantly, the best fits in this case do not correspond to the best (or even good) results, and this lack of correspondence is found for virtually all of the other membrane proteins examined. Consequently, the best result produces a back-calculated spectrum (Fig. 4A ) that differs considerably from the experimental spectrum, both in peak shape and in peak positions. For FepA and the other ␤-strand membrane proteins, the average NRMSDs are higher than for the soluble proteins, with one average as high as 0.39, and the best fits also generally do not correspond to good R av values (Table 2b) . However, for a few combinations of method and database, low NRMSD values do correspond to some of the lower R-values for some of the ␤ proteins. The back-calculated fits for the ␤ proteins are generally even poorer than for the helical membrane proteins (Fig. 4B ) and differences in peak positions reflect the observed wavelength shifts in the data.
Most importantly, there appears to be little or no correlation between the methods/databases that produced the best fits and the ones that produced the best results for the membrane proteins, unlike the case for soluble proteins. Therefore, in the absence of prior knowledge of the structure, there would have been no way to select among the methods and reference databases to obtain an accurate analysis.
Discussion
Membrane proteins are a class of proteins whose crystal structures have proved difficult to determine. As a result, only very few membrane protein structures have been solved to date (and many of these are closely related structures) compared to more than 10,000 soluble protein structures available in the PDB. CD spectroscopy has a potential role to play in the future in fold recognition studies and as a means of target selection for structural genomics programs (Wallace and Janes 2001) , in addition to its traditional usage as a method for determining secondary structures and as a test for modelling studies of proteins with as yet unknown structures. For all of these types of studies, it is important that the secondary structures derived from the CD data accurately reflect the structures present in the proteins.
From the present study and a number of previous studies described in the literature (e.g., Johnson 1999; Sreerama and Woody 2000), it can be seen that nearly all the methods and reference databases produce reasonable results for the soluble proteins tested, and that the various methods for calculating secondary structures from PDB files give reasonable agreement with the spectroscopic data.
However, for this admittedly limited (by necessity) survey of membrane proteins, the results are very different. First, the soluble and membrane proteins examined in this study have somewhat different spectral characteristics (peak shifts and to a lesser extent, the relative magnitudes of the individual exciton peaks). Second, the effects such features have on the accuracy of the secondary structures calculated using empirical methods with reference databases composed of soluble protein spectra have been explored. It is very clear that, although in some other cases the reference databases may be able to produce reasonably acceptable solutions, in ALL of the examples examined in this study, the reference databases derived from soluble proteins do not produce accurate results when applied to membrane protein CD spectral analyses. Furthermore, and most importantly, there does not appear to be a correlation between goodness of fit and correctness of structure, so there is no way to determine which method and database would be the most appropriate for the analysis of a particular membrane protein. Although the solvent shift phenomenon is likely to be one of the reasons for the discrepancies, the differences in membrane protein and soluble protein spectra cannot be explained simply, and so must be corrected for empirically.
One obvious conclusion from this study is that the availability of a reference database derived from membrane proteins could improve the analyses of membrane protein secondary structures by CD spectroscopy. We have begun to assemble such a database from as many membrane proteins as possible whose crystal structures have been solved, including a representative range of secondary structural types, with the intent of including these as an alternative reference database in DICHROWEB (Lobley et al. 2002) .
Materials and methods
Materials
Horse myoglobin (Mb) (ICN Biochemicals Inc.) and concanavalin A (ConA) (Sigma) were dissolved in deionised water. Bacteriorhodopsin (BR) (a gift of P. Booth, Bristol University, UK) was dissolved in 1% octyl glucoside, the detergent used in the crystallization. The other proteins were provided by crystallographic labs and examined in the buffers used for crystallization: mechanosensitive channel (MscL) from M. tuberculosis (Chang et al. 1998) ; cytochrome oxidase (cox) from Paracoccus denitrificans complexed with a monoclonal antibody F v fragment (Ostermeir et al. 1997) ; cytochrome bc 1 (cytbc 1 ) from bovine mitochrondria (Iwata et al. 1998) ; ferric enterobactin receptor (FepA; Buchanan et al. 1999) ; ferric hydroxamate uptake receptor (FhuA; Ferguson et al. 1998 ); maltoporin (LamB; Wang et al. 1997) ; and matrix porin (OmpF; Cowan et al. 1992) .
For the mostly helical proteins, the concentrations used were ∼5-7 mg/mL. The ␤-strand proteins were examined, in general, at higher concentrations (∼18-30 mg/mL) due to the less intense nature of the ␤-strand CD signal.
CD spectroscopy
The conventional CD measurements were made on an Aviv 62ds instrument, which has a large angle detection geometry (for potentially scattering samples such as membrane proteins). The instrument was calibrated with d-camphour sulphonic acid for optical rotation and benzene vapor for wavelength. Data was collected at 0.2-nm intervals, and at 10°C, using a temperature-controlled chamber.
Suprasil cells (0.001-cm pathlength; Hellma UK Ltd.) were used for all the measurements (except for the FhuA sample, which was measured by SRCD at ∼10 mg/mL in a 0.002-cm cell). Baselines were either water or the respective detergent/buffer solutions in which the proteins were dissolved.
At least four repeat scans were obtained for each sample and its respective baseline. The averaged baseline spectrum was subtracted from the averaged sample spectrum and the net spectrum smoothed with a Savitsky-Golay filter (Savitsky and Golay 1964) .
Measurements were only made down to wavelengths where the instrument dynode voltage indicated the detector was still in its linear range. For myoglobin and ConA, this was 178 nm; for cytochrome oxidase it was 180 nm.
SRCD spectroscopy
Spectra were collected on Beamline 3.1 at Daresbury Laboratory, a part of the Centre for Protein and Membrane Structure and Dynamics (CPMSD), using a similar protocol and procedure to that described above for the conventional CD measurements. The SRCD was calibrated with d-camphour sulphonic acid for optical rotation and wavelength. Mb, ConA, and cox samples were measured using both CD and SRCD instruments, as controls. By comparison with the conventional CD data, the higher intensity of the light source permitted the SRCD data on Mb and ConA to be collected to 160 and 164 nm, respectively, and on cox to 169 nm.
Calculations of MRE and delta epsilon values
To calculate the mean residue ellipticities (MRE), the protein concentrations were determined by duplicate quantitative amino acid analysis, and the mean residue weights used were as follows: 110 (Mb); 108 (ConA); 111 (cox); 108 (BR); 111 (cytbc 1 ); 111 (MscL); 110 (FepA); 110 (FhuA); 113 (LamB); 109 (OmpF). ⌬ was calculated as MRE/3298.
Secondary structure calculations from crystal structures
The following programs were used to calculate secondary structural contents from the relevant PDB files: PROCHECK (Laskowski et al. 1993) , DSSP (Kabsch and Sander 1983) , XtlSSTR (King and Johnson 1999) , PROMOTIF (Hutchinson and Thornton 1996) , and Stride (Frishman and Argos 1995) . The various programs define different types of secondary structures, so to enable more facile comparisons to be made, the various types of helical structures have been grouped together, as have the diverse types of sheets and turns, resulting in only four broad categories of structures: helix, sheet, turn, and other. If the PDB file had missing or disordered (undefined) residues, the percentages calculated were for the residues forming the defined secondary structures divided by the total number of residues in the protein. If there was more than one appropriate crystal structure for the protein available, the highest resolution PDB file was used.
The PDB files used were: 1DWT (Mb), 1NLS (ConA), 1MSL (MscL), 1AR1(cox), 1BGY (cytbc 1 ), 1C3W (BR), 1FEP (FepA), 2FCP (FhuA), 1AF6 (LamB), and 2OMF (OmpF).
Secondary structure analyses of CD data
Most of the secondary structural analyses used DICHROWEB (http://www.cryst.bbk.ac.uk/cdweb) an interactive Web server (Lobley and Wallace 2001; Lobley et al. 2002 ) that permits analyses via the following methods: SELCON3 (Sreerama and Woody 1993; Sreerama et al. 1999) , CONTIN (Provencher and Glockner 1981; van Stokkum et al. 1990) , and CDSSTR (Sreerama and Woody 2000) , with a wide range of protein spectral databases (all derived from soluble proteins; Sreerama and Woody 2000; Sreerama et al. 2000) . CDPro (Sreerama and Woody 2000) was used for analyses comparing the effect of including or excluding Mb and ConA in the reference databases. VARSLC (Compton and Johnson 1986; Manalavan and Johnson 1987) and K2D (Andrade et al. 1993) were used with their standard reference databases. The VARSLC results reported used the default parameters, but very similar results (data not shown) were obtained using other parameters with this method.
As a means of comparison of the goodness of fit of the various methods, the normalized root-mean-square deviation (NRMSD) parameter (Mao et al. 1982) was calculated for all of the analyses except VARSLC, which does not produce reconstituted spectra. NRMSD is defined as: ⌺[(exp − cal) 2 /(exp) 2 ] 1 /2 , summed over all wavelengths, where exp and cal are, respectively, the experimental ellipticities and the ellipticities of the back-calculated spectra for the derived structure. NRMSD values of <0.1 mean that the back-calculated and experimental spectra are in close agreement (Brahms and Brahms 1980) . A low NRSMD is not sufficient to indicate a correct analysis, but a poor (high) NRMSD generally indicates the analysis is problematic.
For each of the analyses, several types of R parameters were calculated as measures of the correspondence between the crystal structure and the structure calculated from the CD data. These were defined as: R ‫ס‬ ⌺[f Xray − f CD ], summed over helical, sheet and turn secondary structure types, where f Xray and f CD are the fractions of a given secondary structural type derived from the Xray structure or calculated by the CD method, respectively. Values of R were calculated using both the average Xray (R av ) structure derived from all methods, and the X-ray structure calculated by XtlSSTR (R xs ). R P was calculated for the principal type of secondary structure present (i.e., helix for primarily helical structures, sheet for primarily sheet structures) using the averaged values for the secondary structures. Low R-values mean that the analyses have been successful.
